Abstract The fusion of computed tomography and magnetic resonance images is a software-dependent processing technique that enables one to integrate and analyze preoperative images for planning complex musculoskeletal tumor resections. By integrating various imaging modalities into one imaging data set we may facilitate preoperative image analysis and planning of navigation computer-assisted bone tumor resection and reconstruction. We performed image fusion for computer-assisted tumor surgery in 13 consecutive patients, seven males and six females, with a mean age of 35.8 years (range, 6-80 years). Visual verification of fused images was accurate in all patients. The mean time for image fusion was 30.6 minutes (range, 8-80 minutes). After intraoperative registration, all tumor resections were performed as planned preoperatively under navigation image guidance.
Introduction
Computer-assisted intraoperative navigation has been used effectively in orthopaedic trauma, spinal, and joint replacement surgery [1, 3, 4, 8, 16 ], but has not been used extensively in musculoskeletal bone tumor surgery [6, 7] . Computed tomography (CT)-based navigation for pelvic tumor resection and reconstruction with a custom pelvic prosthesis was reported to be successful [18] .
Computed tomography and MRI are essential preoperative studies before complex bone tumor surgery. Computed tomography scans show intricate bony details well, whereas MRI is superior in delineating the intraosseous and extraosseous extensions of tumor, particularly in soft tissues and in relation to regional anatomy. Fusion of CT and MRI yields hybrid images that combine the key characteristics of each technique, thus enabling better interpretation of each and accurate localization of the lesion. This image processing technique has been used in navigation-assisted neurosurgical and otorhinolaryngeal procedures [9, 12] , but has not been widely used in musculoskeletal tumor surgery [17] .
We investigated the possibility of fusing multimodal preoperative imaging studies, using a proprietary surgical navigation software for three-dimensional (3-D) surgical planning for resection of musculoskeletal bone tumors. We also examined whether the image-fusion technique allowed us to reproduce the surgical plan reliably and accurately by evaluating the: (1) accuracy of the image fusion and preoperative time to achieve it; (2) accuracy as determined by comparing the resection with the preoperative surgical plan, assessing the margins of the resected tumor specimens, and assessing the fit of the custom tumor prostheses to the remaining bone; (3) additional time needed for navigation procedures at the time of surgery and complications of the procedures; and (4) accuracy of the image-topatient registration.
Materials and Methods
We studied 13 patients (seven males, six females), between 6 and 80 years (mean, 35.8 years) of age, with tumors located in the pelvis (n = 2), sacrum (n = 6), femur (n = 4), and proximal tibia (n = 1) ( Table 1) . Tumor types included osteosarcoma (four), chordoma (two), chondrosarcoma (one), undifferentiated bone sarcoma (one), metastatic uterine carcinoma (one), malignant peripheral nerve sheath tumor (one), sacral schwannoma (one), and giant cell tumor of bone (one). We judged computer-assisted surgery important in these patients because of the complex anatomy of the affected bone (pelvis, sacrum), the need for precision in joint-saving intercalated resections where custom prostheses were used for reconstruction, or because of severe scarring resulting from previous surgery and radiotherapy.
Axial CT images of the lesion and surrounding area were acquired using a 16-detector scanner (General Electric Light Speed, Milwaukee, WI). Slices with 0.625-mm or 1.25-mm thickness were obtained using a soft tissue algorithm. Magnetic resonance images of the corresponding region were acquired using a 1.5-T unit (Siemens Sonata, Erlangen, Germany). For Patients 1 through 8, postcontrast T1-weighted axial images (TR 512 ms, TE 13 ms, 2-mm thick slices) were used for fusion with CT images because of better bone-soft tissue contrast. For Patients 1 through 8, image data sets were imported into a navigation system (Stryker Navigation, Freiburg, Germany; CT spine, version 1.6) for image fusion. For Patients 9 through 13, an upgraded version of the software for cranial navigation (Stryker Navigation; iNtellect Cranial, version 1.1) allowed us to use MR image sequences regardless of scan orientation.
For the CT spine navigation software, image fusion involved cross-sectional matching of the anatomic structures on the CT with those on the MR image-a process called ''coregistration.'' The system allowed CT and MR images to be fused by matching the manually segmented known structures in corresponding CT and MRI data sets.
In the latter part of the study, the cranial navigation software allowed automatic fusion of various image data sets regardless of imaging modalities and scan orientation. Final fused images also could be adjusted manually in different dimensions to improve accuracy. The system allowed viewing the fusion image in the splitting mode and fusion mode (Fig. 1) . In the splitting mode, the active window was divided into two parts, each of which displayed the images of selected modality (Fig. 1C) . In the fusion mode, a new image was calculated as the weighted sum of the base and overlay images (Fig. 1A, B) . The weighting was defined with a slider bar. Dragging the slider to either series of fusion image allowed us toggle between the image series thereby making it possible to vary the predominance of a particular modality where this toggle feature may be seen. (Supplementary videos 1, 2, and 3 are available with the online version of CORR.) We considered the fusion image acceptable for navigation planning if the bony contours on the CT/MR images at the region of interest matched within a 1-mm margin of error as visually assessed by the authors. The data sets of the fused images then were transferred back to the navigation system (CT spine navigation software) for resection planning.
We began navigation planning by defining the extent of the tumor, followed by segmenting the tumor volume from the MR images. We determined the tumor edge by looking at the transition of marrow signal from abnormal to normal in T1-weighted MR images. Areas of intermediate signal intensity adjacent to tumor edge that might represent microscopic metastases or marrow hyperplasia were regarded as being part of the tumor. We then created a 3-D bone model by adjusting the contrast of the CT images. As CT/MR images share identical spatial coordinates after image fusion, segmented tumor volume obtained from MR images was incorporated directly into the reconstructed 3-D bone model. A 3-D bone tumor model was generated. The anatomic extent of the tumor and its relationship with the surrounding structures were studied by blending 2-D pure CT, pure MR images, and fusion images and observing the 3-D bone tumor model from different directions and magnifications on the navigation display. (Supplementary videos 1, 2 , and 3 are available with the online version of CORR.) The planned margin of local resection ranged from 0.5 cm to 2 cm from the tumor edge and depended on whether the patient had bone metastases, primary bone sarcoma, and whether any neoadjuvant therapy was given. Marginal excision was planned for the sacral schwannoma in Patient 4, whereas intralesional excision was planned for the sacral giant cell tumor in Patient 8. We then placed virtual markers (pedicle screws in CT spine navigation software) along the plane and orientation of the planned tumor resection. In Patients 5, 7, 9, and 10, the computer-aided design data of the custom-made prostheses provided by the manufacturer (Stanmore Implants Worldwide Limited, Middlesex, UK) also were integrated in the navigation resection planning (Fig. 2) . To evaluate whether fusion images were valuable for surgical planning in a CT-based navigation system, we compared resection planning using only CT or MR images with resection using fused images. Fusion images were considered valuable if additional information not seen on conventional images was obtained for resection planning. Intraoperative navigation has been described [17, 18] . The image-to-patient registration to match the corresponding points between the patient's real intraoperative anatomy and preoperative CT images was performed by paired points and surface matching. The navigation system calculated the registration error which indicated the degree of mismatch, if any, between preoperative CT images and the patients' anatomy. We then assessed real-time matching between the anatomy and the virtual images by running the registration probe on the bone surface and by checking specific known and well-defined anatomic landmarks. The navigation system was considered accurate only if there was exact matching between the image on the navigation console and the patient's skeletal anatomy. Soft tissues around the bone tumor might deform after surgical exposure, resulting in discrepancies between preoperative anatomic data and real-time surgical anatomy. Therefore, we could use this technique only to guide the resection of a bone as bony anatomy does not change after surgical exposure. Intraoperative navigation then was performed on CT/MR fusion images and the 3-D bone tumor planning model. The fusion images were manipulated to highlight CT or MRI features (Fig. 3) . We next located the anatomic position of virtual markers (pedicle screws) on our patients, using navigated tools, and marked the intended resection by diathermy or drill. The diathermy or drill marks were connected to form the final resection level and plane. The tumor was removed en bloc by an oscillating saw or osteotome. 
Results
Image fusion was feasible for all patients with tumors at different regions. We judged the fusion images accurate and acceptable for navigation planning in the areas of clinical interest as the bony contours of the CT/MR fusion images matched to within 1 mm difference. By combining the bony information of CT, soft tissue contrast of MRI, and metabolic information of positron emission tomography (PET) (Patients 10 and 15) in one image, we found it easier to distinguish between normal and pathologic structures (Fig. 4) . (Supplemental video 3 is available with the online version of CORR.)
The resection achieved, in terms of dimensions and orientation, was as planned in the seven patients whose resections were validated either by fusing postoperative with preoperative CT images or comparing the resection plane of resected specimens with that in surgical navigation planning. Histologic examinations of all specimens showed a clear tumor margin in patients with malignant bone tumors. We found a match between residual bone and custom prosthesis junction in four patients at surgery.
With the CT spine navigation software (Patients 1 through 8), the mean time for image fusion was 47.5 minutes (range, 30-80 minutes), whereas it was 13.6 minutes (range, 8-20 minutes) when the newer cranial navigation software was used (Patients 9 through 13). The mean time for preoperative navigation planning after image fusion in CT spine navigation software was 1.4 hours (range, 0.75-2.5 hours). The planning time depended on case complexity.
The mean intraoperative accuracy of image-to-patient registration was 0.46 mm (range, 0.35-0.68 mm). The virtual preoperative CT images correlated well with the patients' anatomy after registration. All surgeries were performed as planned under navigation guidance after registration. The mean time for navigation procedures during surgery was 24.3 minutes (range, 13-40 minutes).
A postoperative superficial wound infection developed in one patient (Patient 6 with a sacral chordoma) that resolved with administration of an intravenous antibiotic, whereas a wound infection in another patient (Patient 11 with a sacral osteosarcoma) required surgical debridement and antibiotics. No patients experienced local recurrence at 
Discussion
To achieve safe tumor resections, one must observe the extent of the tumor in the bone and soft tissues. Computed tomography and MRI are preoperative investigations necessary for planning complex musculoskeletal bone tumor resections and reconstructions. Computed tomography and MRI provide information that is represented in a 2-D imaging format. Tumor surgeons must mentally integrate this 2-D information into a 3-D model for surgical planning. The difficulty of this mental integration increases with the complexity of the regional anatomy. We evaluated the (1) accuracy of image fusion and preoperative time to achieve it; (2) accuracy as determined by comparing the resection with the preoperative surgical plan, assessing the margins of the resected tumor specimens, and assessing the fit of the custom tumor prostheses to the remaining bone; (3) additional time needed for navigation procedures at the time of surgery and complications of the procedures; and (4) accuracy of the image-to-patient registration.
Our study has important limitations. Although histologic examination of all specimens with bone sarcoma showed a clear tumor margin, margins alone are not the only determinants of good clinical results in terms of better survival or reduced local recurrence; further, a judgment of clear margins is based upon a small sampling of the entire margin. Our series is heterogeneous in diagnosis and lacks a control group; therefore, it is not possible to make a comparative assessment of clinical results. Long-term followup in a larger series is needed to evaluate the clinical importance of the technique. However, we presume if surgical planning can be reproduced accurately and reliably, the chances of a good clinical result are likely to be greater. The technique requires surgeons who have prior experience in navigation surgery and additional resources for navigation facilities. Therefore, we used navigation only for patients in whom tumor resection was expected to be complicated owing to anatomic reasons or scarring, or for patients in whom the complexity of resection demanded customized prostheses that could be fitted into the defect only if the precise amount of bone was resected.
Image fusion technology has been used successfully in complex lesions at the head and neck regions [9, 12] . Incorporation of this technology has enhanced the capacity of surgical navigation, especially for skull base surgery. Our experience shows fusion images could be feasible and accurate in other complex regions such as the pelvis and sacrum. Navigation software allowed us to scrutinize all fused image data sets in three spatial dimensions in a short time. An additional fourth dimension of image analysis was possible by continuous blending of CT and MRI data, thus providing an excellent mental picture of anatomic tumor location and extent of infiltration into surrounding tissues. Image fusion might not be restricted to plain CT or MRI data sets. The CT angiogram and MRI fusion (Patients 1, 8, 10, 12, 13) provided key additional information regarding regional vascular anatomy that facilitated preoperative planning. Functional imaging such as F-18 fluorodeoxyglucose PET scans also could be incorporated into the navigation software. As PET images have low spatial resolution, they should be combined with anatomic CT or MRI data sets for interpretation. We found this metabolic information of the tumor was particularly useful in patients with previous surgery and radiotherapy because it helped us differentiate tumor from scar tissue or postradiotherapy changes on anatomic imaging data sets (Patients 10 and 13) [14, 19] . This detailed and interactive image analysis was particularly helpful in difficult pelvic, sacral, or joint-saving bone tumor resections; the spatial relation of the tumor to nearby neural and vascular structures was seen better with the 3-D bone-tumor model. Surgical planning on the fused images could be transferred and performed under navigation guidance if the image preparation was performed with the same navigation system. We found the fusion images valuable for surgical planning in all our patients as they provided better intraosseous and extraosseous extent of the tumors.
We are unaware of any reports asking whether surgeons could reproduce an intended resection of musculoskeletal bone tumors. Merging of postoperative with preoperative images and precise fitting of custom tumor prostheses might allow validation of the accuracy of a resection as planned. Our results suggest surgeons should be able to reproduce an intended resection reliably using a surgical navigation system. For Patients 5, 7, and 9 who had joint-saving intercalated resection after neoadjuvant chemotherapy, only 1.5 to 2 cm of the distal femoral epiphyses could be retained. Thus, even a small deviation from the planned resection would have compromised the precise fit and distal fixation of the custom joint-saving prostheses used in the reconstructions. Surgical navigation after image fusion made it possible for us to resect the bone exactly as planned in length and orientation, yielding a perfect match between the residual bone and the custom prostheses junctions. Studies have described using anatomic landmarks and correlating with measurements on preoperative MR images to define bone resection [5, 11] . However, that technique relies on 2-D measurements and may result in errors between the perceived anatomy and that seen during actual surgery.
In Patients 4 and 8 with an S2 schwannoma and a sacrum giant cell tumor (S2 and below) respectively, the tumors involved mainly the anterior bony structure of the sacrum rather than posterior structure. Image fusion when combined with surgical navigation allowed us to precisely mark the extent of the posterior bone window just enough to remove the tumor via one posterior approach. Thus we avoided unnecessary bony resection in a critical area without compromising oncologic principles.
Although the CT-based navigation system in this study originally was designed for spine surgery, accurate imageto-patient registration could be achieved in our patients with tumors involving pelvis and long bones. In imageguided craniomaxillofacial surgery, accurate and direct image-to-patient registration on MRI data sets can be achieved using the laser surface scanning technique [10, 13] . This technique, however, cannot be used in musculoskeletal tumor surgery. Thin 1-to 2-mm thick MR slices, which are necessary for accurate registration, are difficult to obtain in musculoskeletal bone tumors because the tumor dimensions often are quite large and there can be movement artifacts generated during the long scanning times. Magnetic resonance imaging data sets thus are not used routinely in computer-assisted orthopaedic surgery. The overall accuracy of computer navigation-assisted bone tumor surgery depends on the quality of the image fusion and accuracy of image-to-patient registration [15] . The accuracy of image fusion in turn depends on the quality of raw data images and is not able to outreach the resolution of primary data sets. The navigation system is only as good as the raw data. Therefore, the time between imaging and surgery must be short to avoid a discrepancy resulting from changes in tumor size. We anticipate with the advent of a newer generation of CT and MRI scanners, image resolution will increase and will enable more accurate anatomic visualization.
Our study suggests it is technically feasible to integrate all anatomic and functional data to facilitate 3-D surgical planning in musculoskeletal bone tumors. This integrated image data set, when combined with surgical navigation, enabled us to reliably perform planned tumor resections, and it may offer clinical benefits. As technology is evolving, more precise and faster navigation software will be available for this new image processing technique in computer navigation-assisted tumor surgery.
